Objective-To evaluate changes in cognitive and academic functioning following cardiac surgery in children with congenital heart disease. Design-A prospective cross sectional study in which patients were assessed immediately before treatment and 12 months later. Patients-Three groups of children aged 3.5-17 years: a group with congenital heart disease awaiting surgery, another awaiting bone marrow transplantation, and a healthy comparison group. Main outcome measures-Intelligence quotient and measures of academic attainment, evaluated with the British Ability Scales. Results-Preoperatively, children with cyanotic lesions showed deficits in comparison with those with acyanotic lesions. Postoperatively, children with cyanotic lesions showed a deterioration in performance and achieved significantly lower scores than those with acyanotic lesions. While there were significant diVerences between the congenital heart disease and bone marrow transplantation groups preoperatively, these were no longer apparent at follow up. Conclusions-In contrast to previously published findings, the present results suggest that cardiac surgery does not result in early postoperative improvements in cognitive function for children with congenital heart disease. The nature of the cardiac lesion continues to aVect cognitive and academic performance, even after surgery. (Heart 2001;85:687-691) 
Surveys of children with congenital heart disease have shown that their intellectual abilities are within the normal range, albeit at the lower end.
1 2 Nevertheless it is widely accepted that the presence of a congenital heart defect can have deleterious eVects on intelligence. Cognitive impairment has been reported in older children with congenital heart disease, particularly those with cyanotic lesions. [3] [4] [5] [6] Such impairment has been attributed to the eVects of chronic hypoxia, 7 but it is questionable whether this alone is responsible. Additional postulated risk factors include physical incapacity because of the cardiac lesion and parental overprotection. 8 Research to date has yielded conflicting results. Although surgical intervention has been reported to lead to a significant increase in intelligence quotient (IQ) scores, 9 particularly in children with cyanotic lesions, 5 10 such children may continue to show significant cognitive and neurodevelopmental impairment. [11] [12] [13] For children with cyanotic lesions, age at the time of surgical repair may be important, but research evidence is again contradictory. An association has been reported between postponing repair and progressive impairment of cognitive function. [14] [15] [16] However, a more recent study found no relation between intellectual function 10 years after surgery and age of repair in cyanotic congenital heart disease. 17 Most studies to date have focused on IQ. Academic functioning in the child with congenital heart disease has received little attention, despite increasing recognition of the impact of chronic illness on school performance. A recent study reported that children with surgically corrected cyanotic lesions had significantly poorer performance in all areas of academic functioning compared with a group of children with previously diagnosed innocent murmurs or a spontaneously closing ventricular septal defect. 18 Poor concentration 19 and learning diYculties 20 21 have also been reported. The contradictory findings of research to date are attributable at least in part to methodological limitations of the published studies. In particular, most studies have been retrospective or cross sectional, and few have included appropriate control groups. In the present study we aimed to overcome these limitations by using a prospective design and including two comparison groups, one of children undergoing bone marrow transplantation and another of healthy children. In this paper we focus on children older than 3.5 years of age. The situation for younger children is likely to be somewhat diVerent. 22 We aimed to test the following hypotheses, based on the existing reports as reviewed above:
x Children with congenital heart disease will show cognitive and developmental impairment relative to healthy children and to children awaiting bone marrow transplantation. x Preoperatively, children with cyanotic lesions will show a greater degree of cognitive impairment than those with acyanotic lesions.
x Corrective surgery will result in a greater improvement in cognitive functioning in children with cyanotic lesions than in those with acyanotic lesions. x For children with cyanotic defects, postoperative cognitive impairment will be positively correlated with age at time of repair, but no such association will be found for children with acyanotic lesions.
Methods

SAMPLE
The children in the study were aged 3.5-17 years. The congenital heart disease sample comprised a consecutive series of children admitted for elective surgery recruited from three specialist units in London over a period of two years. Forty four of the children (94%) underwent corrective surgery, with three having palliative shunts, and in 40 cases (85%) the interventions were open heart procedures. The bone marrow transplant sample was made up of a consecutive series of children recruited over 33 months from four specialist units. The healthy group was recruited from a dental clinic and from two schools in London.
Characteristics of the sample are summarised in table 1. The congenital heart disease group comprised 47 children, 17 with cyanotic lesions and 30 with acyanotic lesions (the "cyanotic" and "acyanotic" groups, respectively). The mean (SD) ages of the two congenital heart disease subgroups were not significantly diVerent (cyanotic group, 7.5 (3.5) years; acyanotic group, 7.3 (3.0) years). The bone marrow transplantation and healthy groups each comprised 51 children. The groups did not diVer in their mean ages, sex distributions, or parents' socioeconomic status (table 1).
PROCEDURE
Children in the congenital heart disease and bone marrow transplant groups were assessed before surgery or transplantation, respectively, and again 12 months after these procedures. The healthy group was assessed on two occasions, 12 months apart.
MEASURES
Intellectual ability
This was assessed using a short form IQ estimate of the British Ability Scales (BAS), 23 comprising measures of verbal and non-verbal reasoning ability, short term memory, speed of information processing, and retrieval of knowledge skills. The scales have been validated in a British population and have been used in a wide range of diagnostic contexts as an aid in identification, classification, and selection of children with learning diYculties. 23 24 They have also been used in the study of children with chronic illness. 25 26 The BAS were chosen in preference to the Wechsler scales 27 because of their standardisation on a British rather than an American population, and also because they are intended for use across a wide age range. An adequate correlation has been reported between the BAS and Wechsler scales. 23 25 Academic performance Children aged 3.5-14.5 years completed the BAS basic number skills attainment test to assess arithmetic, and children aged 5-14.5 years completed the BAS word reading subtest and the Schonell graded spelling test. 28 These measures of academic attainment have been used previously in studies of chronically ill children. 29 
Parental interviews
On both test occasions, parents took part in a semistructured interview which included questions about the child's behaviour and attendance at school.
STATISTICAL ANALYSIS
To assess each child's overall academic attainment, a score of their achievement on the arithmetic and reading tests was calculated relative to overall IQ. 23 30 An achievement score of more than 1 SD below the overall IQ score was used as the criterion for underachievement. The prevalence of reading problems was also investigated using as a criterion a score of more than 1 SD below the norm on the reading scale.
Cognitive measures at each test occasion were compared across the groups by analysis of variance, using ScheVé's multiple comparison tests (setting p < 0.05) for post hoc comparisons. Independent t tests were used for comparisons between the cyanotic and acyanotic groups. Changes over time were assessed within groups using paired t tests and between groups using repeated measures analysis of variance. Correlations of age and performance were measured using Pearson correlation coefficients. The diVerences between the groups in the prevalence of underachievement on academic variables and reading problems were assessed using 2 tests.
Results
INITIAL ASSESSMENTS
Overall, the percentages of cardiac children scoring within the normal range for IQ and school attainments ranged from 69% for spelling to 89% on overall IQ, with all three groups (congenital heart disease, bone marrow transplantation, and healthy) showing mean scores within the normal range on each measure. Overall IQ was also not significantly diVerent between the cardiac and reference groups (table 2) . However, the congenital heart disease group performed poorly on information processing compared with the healthy group (table 2) . The bone marrow transplantation group showed significantly lower scores on arithmetic and reading ability than the congenital heart disease group (table 2) , which was also reflected in a higher frequency of underachievement in reading (table 3) . Compared with the acyanotic subgroup, the children with cyanotic lesions had lower overall IQ scores (with, in particular, significantly poorer performance on the matrices and information processing speed subscales). They also showed lower ability levels for arithmetic, reading, and spelling (table 2) as well as higher rates of underachievement in reading (table 3) .
FOLLOW UP ASSESSMENTS
The percentages of cardiac children scoring within the normal range for IQ and school attainments at follow up were similar to those of the baseline assessment, ranging from 71% for spelling to 89% on overall IQ, with all three groups showing mean scores within the normal range for each measure. However, the diVerences noted above between the cardiac and reference groups at initial assessment were no longer apparent at follow up. The frequency of reading problems remained higher in the bone marrow transplant group than in the healthy group (table 3) , and the bone marrow transplant and healthy groups still diVered significantly on reading and spelling (table 4) .
The cyanotic subgroup continued to show impaired performance relative to both the healthy group and the acyanotic subgroup. Compared with the healthy group, the cyanotic subgroup had lower overall IQ scores, performed less well on the speed of information processing subtest, and showed poorer performance on reading and spelling (table 4) . Accordingly there were more underachievers in reading in the cyanotic subgroup than in the healthy group. Compared with the acyanotic group, the cyanotic group had significantly lower IQ scores and poorer performance in reading and spelling (table 4) , and a greater frequency of reading problems (table 3) .
CHANGES OVER TIME
The healthy group showed no significant changes between the initial and follow up assessments. For the cardiac group as a whole, although overall IQ did not change postoperatively, there were significant deteriorations in two subtests-matrices (95% confidence interval (CI) for diVerence between initial and follow up assessments 3.29 to 9.23, p < 0.001) and arithmetic (95% CI for diVerence between initial and follow up assessment 0.11 to 10.79, p = 0.046).
Although the cyanotic subgroup fared worse at follow up than initially on every subtest, none of these diVerences was significant. Changes in the acyanotic group were less consistent: although digit recall improved at follow up (95% CI of diVerence −7.6 to −0.3, p < 0.01), performance on matrices deteriorated (95% CI of diVerence 4.0 to 9.8, p < 0.01).
EFFECTS OF AGE
At follow up there was a significant negative correlation between arithmetical ability and age at repair in both congenital heart disease subgroups (cyanotic group: r = −0.6890, p = 0.014; acyanotic group: r = −0.4867, p = 0.013). The eVect of age on the diVerence in performance between the two subgroups was significant on the arithmetic test (t = −3.585, p = 0.001).
CHILDREN NOT FOLLOWED UP
In general, the preoperative performance of those children who were lost to follow up resembled that of the follow up sample except that they showed lower scores on naming vocabulary (p = 0.015) and digit recall (p = 0.032). By contrast, the children who died performed at significantly lower levels than the follow up sample on the majority of indices, including matrices (p < 0.0005), similarities (p = 0.004), and recall of digits (p = 0.010), as well as on overall IQ (p < 0.0005), arithmetic (p = 0.004), and spelling (p = 0.022).
PARENTAL INTERVIEWS
Preoperatively, dependency and inactivity were the two main areas of concern mentioned by parents, particularly those of children with cyanotic lesions. Postoperatively, increases in activity levels and in disobedient behaviour were reported. Anecdotally, parents of some children with cyanotic lesions reported that their own anxiety levels resulted in overprotection of the patient and consequent limitations of independent behaviour. The children returned to school on average three months after surgery (range 1-12 months). The cyanotic group took an average of 3.5 months to return to school compared with a mean time of 2.5 months for the acyanotic group, but this diVerence was not significant.
Discussion
Our study aimed to overcome methodological limitations in most earlier studies by using a prospective design and by comparing children with congenital heart disease with samples of healthy children and children awaiting bone marrow transplantation, in an attempt to distinguish between eVects of congenital heart disease and those attributable to chronic physical illness. The children recruited into the congenital heart disease and bone marrow transplant groups should be representative of those treated in specialist centres, except that children with significant learning impairments were excluded. Some children were lost to follow up. Those lost through perioperative death showed poorer intellectual functioning at initial assessment. However, those who could not be followed up for other reasons closely resembled the children who were successfully followed up, reinforcing the representativeness of the final sample. Despite this careful attention to methodology, the study has two important limitations that must be borne in mind when interpreting the results. Firstly, the sample size was small, increasing the risks of type II statistical errors. Secondly, in the congenital heart disease group no account was taken of the severity of the initial cardiac problems or of the extent to which they were successfully treated by surgery. Separation of the congenital heart disease sample into cyanotic and acyanotic subgroups, although widely used in research, is a relatively crude measure, but, given the small sample size, it would have been diYcult to introduce a further variable into the analyses.
The results provide only partial support for the study hypotheses. Preoperatively, although the bone marrow transplant group showed evidence of lower academic attainment than the healthy group, the cardiac group as a whole showed only minimal diVerences from the healthy group either in intellectual functioning or in academic attainment. Children with acyanotic lesions and healthy children achieved higher scores than would be expected from the standardised norms for the tests. 23 24 This has been reported previously [31] [32] [33] and most probably reflects the fact that the standardised norms are no longer accurate.
Contrary to earlier work, 5 the acyanotic subgroup did not diVer from the healthy group. Parents are now given more encouragement to treat their children normally than they might have been in the 1960s. Also, schools are now more accustomed to dealing with children with congenital heart disease. Both these factors should encourage normal development.
The cyanotic and bone marrow transplant groups were broadly comparable in their results, both diVering from the healthy group. The diVerences between these groups and the acyanotic group suggest that-for older children at least-the nature of the disease is a significant factor in cognitive development rather than chronic illness per se. Their poorer performance on the academic indices supports the view that schooling is aVected, despite IQ being within the normal range.
Preoperative diVerences between the cyanotic and acyanotic subgroups are consistent with previous published reports. 6 7 Among the cyanotic children, academic performance was in line with overall IQ. Although the acyanotic children had a higher overall IQ, more of them were performing below their potential, as reported in studies of children with other chronic illnesses. [34] [35] [36] [37] [38] [39] The diVerences observed in the present study between the cyanotic and acyanotic subgroups were not found among younger (preschool) children, 22 supporting the view that in children with cyanotic lesions, impairment of cognitive function increases with age. 14 15 These results also suggest that there may be a critical age for correction of cyanotic lesions, after which cyanosis and its consequences have deleterious eVects on development and cognition. As well as direct eVects of hypoxia and other heart related factors, it is also likely that more prolonged cyanosis influences parenting attitudes, treatment of the child by teachers and peers, and self esteem, all of which could aVect cognitive and academic performance. However, our results-in common with those of another recent study 17 failed to support the reported relationship between age at time of repair and subsequent cognitive function in patients with cyanotic lesions. [14] [15] [16] These studies involved a single diagnosis (transposition of the great arteries) and it may be that this eVect is specific to this diagnosis. Our cyanotic subgroup was small in size and also diagnostically heterogeneous.
For the acyanotic subgroup, the minimal changes in intellectual and academic performance following surgery are hardly surprising, given the absence of any diVerences preoperatively between these children and the healthy group. In the cyanotic subgroup, the failure to find significant improvement in cognitive function postoperatively supports other published data 18 and is in contrast with an earlier report of improved cognitive function after surgery. 5 Possible reasons for the failure to find improvements after surgery in the cyanotic group include the following: x the possibility that our patients had more complex disease than reported previously; x the fact that four children in this group required readmission to hospital, thus interfering with academic progress; + three of these children continued to be symptomatic, because they had had palliative rather than corrective surgery; x children in the cyanotic group missed more school during follow up than those in the acyanotic group, even though the interval between surgery and return to school was no diVerent in the two groups.
The findings for the bone marrow transplantation and cyanotic groups were very similar and contrasted with the results for the acyanotic subgroup. The lack of change at follow up of the bone marrow transplant group again suggests that cognitive functioning is influenced more by the underlying disorder than by its treatment, and that there are eVects on academic performance which persist beyond successful treatments of the main physical problems. 35 36 38 39 The present results suggest that for older children at least the nature of the underlying disease influences cognitive and academic functioning more than the success of treatment. Children with acyanotic lesions have a good prognosis for future cognitive performance. As with preschool children, 22 this prospective controlled study of young children of school age has highlighted the particular vulnerability of children with cyanotic lesions. Cognitive and academic performance deficits may decline as time after surgery increases, 17 and longer term follow up is now required to determine the extent to which the observed impairments in children with cyanotic lesions endure, and what particular factors contribute to their longer term outcome.
